Roots provide essential uptake of water and nutrients from the soil, as well as anchorage and stability for the whole plant. Root orientation, or angle, is an important component of the overall architecture and depth of the root system; however, little is known about the genetic control of this trait. Recent reports in Oryza sativa (rice) identified a role for DEEPER ROOTING 1 (DRO1) in influencing the orientation of the root system, leading to positive changes in grain yields under water-limited conditions. Here we found that DRO1 and DRO1-related genes are present across diverse plant phyla, and fall within the IGT gene family. The IGT family also includes TAC1 and LAZY1, which are known to affect the orientation of lateral shoots. Consistent with a potential role in root development, DRO1 homologs in Arabidopsis and peach showed rootspecific expression. Promoter-reporter constructs revealed that AtDRO1 is predominantly expressed in both the root vasculature and root tips, in a distinct developmental pattern. Mutation of AtDRO1 led to more horizontal lateral root angles. Overexpression of AtDRO1 under a constitutive promoter resulted in steeper lateral root angles, as well as shoot phenotypes including upward leaf curling, shortened siliques and narrow lateral branch angles. A conserved C-terminal EAR-like motif found in IGT genes was required for these ectopic phenotypes. Overexpression of PpeDRO1 in Prunus domestica (plum) led to deeper-rooting phenotypes. Collectively, these data indicate a potential application for DRO1-related genes to alter root architecture for drought avoidance and improved resource use.
INTRODUCTION
Plant productivity is greatly influenced by root architectural traits, which makes them an important target for agricultural improvement (Kong et al., 2014; L opez-Arredondo et al., 2015) . Roots are essential for the uptake of water and nutrients, as well as for stability within the soil. Changes to root architectural traits can alter access to different layers within the heterogeneous soil column, resulting in changes to nutrient and water availability. This is because resources such as water and nitrogen are often found in deeper soil layers, whereas other nutrients such as phosphorous are more abundant in shallower strata (Lynch, 2011 (Lynch, , 2013 . A survey of >1300 individual plants, ranging in plant form and collected across a range of climates, demonstrated that although the relationship of rooting depth with precipitation and climate is complicated, non-tree plant root systems tend to be shallower in dry and hot climates (Schenk and Jackson, 2002) ; however, root system depth relative to above-ground size tends to increase with aridity. On soils that are water-or nitrogenlimited, research has demonstrated that woody plants generally allocate more resources to root growth (Kozlowski and Pallardy, 2002) . In addition, Arabidopsis plants subjected to water deficit and increased temperatures develop a deeper and more vertically oriented root system (Rell an- Alvarez et al., 2015) . Consistent with this, tree species with deep-growing root systems can reach deeper groundwater, thus allowing better survival during seasonal drought (David et al., 2007; Canham et al., 2012; Brunner et al., 2015; Nardini et al., 2016) . The ability to rapidly exploit lower soil layers is also a beneficial trait in Zea mays (maize), optimizing water capture (Lynch, 2013) . Breeding and/or engineering such root architectural traits in perennial crops could be advantageous for a number of climatic regimes, but such efforts are hampered by both the lack of efficient phenotyping methods as well as an overall lack of knowledge about the underlying genetic influences on root-growth orientation.
Root system architecture (RSA) refers to the spatial distribution of roots within the soil. RSA changes are mediated by multiple processes, including growth rates and lengths of individual roots, the rate and extent of root branching, and the orientation, or angle, of those branches. The types of roots that contribute to RSA can differ between plant species. Dicots typically have taproot systems that consist of an embryonic primary root and a branching network of secondary lateral roots (LRs). Monocots generally have a more complex fibrous root system. The fibrous systems also have an embryonic primary root and secondary LRs, but their contribution is smaller (McSteen, 2010; Smith and De Smet, 2012) . Instead the majority of monocot root mass and volume comes from seed-borne seminal roots and/or shoot-borne crown roots (Hochholdinger and Zimmermann, 2008; McSteen, 2010; Smith and De Smet, 2012) . Many genetic and environmental factors influence root architectural traits. Work in Arabidopsis thaliana, maize, and Oryza sativa (rice) has uncovered a great deal of information as to root structure, the genetic components regulating RSA, and the close relationship between RSA and the soil environment (Smith and De Smet, 2012; Giehl et al., 2014; Malekpoor Mansoorkhani et al., 2014; Uga et al., 2015; Wachsman et al., 2015) .
Past and current RSA research focusing on primary and lateral root growth and branching has revealed key roles for numerous genes and gene networks, multiple hormones, including auxin, cytokinins, giberellins, brassinosteroids, ABA and ethylene, and soil nutrients, including nitrogen and phosphorous (Satbhai et al., 2015; De Smet, 2012; Vermeer and Geldner, 2015; Wachsman et al., 2015) . In contrast, relatively little is known about the factors that regulate root growth orientation, or angle. In Arabidopsis, a role for the hormone auxin was identified in influencing the growth angle of LRs (Rosquete et al., 2013) . In monocots, few quantitative trait loci (QTLs) have been identified for deep rooting and root angle (Uga et al., 2015) , and fewer genes have been identified as regulators of these traits. Through a QTL analysis in rice, Uga et al. identified DEEPER ROOTING 1 (DRO1) as a regulator of RSA depth by modulating crown root angles (Uga et al., 2013) . A rice variety containing a truncated copy of DRO1 exhibited shallow rooting, whereas another variety with a full-length copy had a deeper and narrower RSA. Transgenic introduction of an additional single or double genomic fragment containing a full-length DRO1 resulted in incremental increases in root system depth. Importantly, the deeper rooting in rice conferred by DRO1 allowed drought avoidance, and thus increased grain yield and seed filling under drought conditions. This finding highlights the advantage for plant roots that can reach lower levels of the soil column under water-limited conditions.
We previously proposed that DRO1 was a member of the IGT gene family (named for a conserved amino acid motif), which plays a major role in lateral organ orientation (Hollender and Dardick, 2015) . Other IGT family members include TILLER ANGLE CONTROL 1 (TAC1) and LAZY1, which have been shown to influence the orientation of various lateral shoot organs, including tillers, pedicels, petioles and branches, in both monocot (rice and maize) and dicot [Arabidopsis and Prunus persica (peach)] species (Roychoudhry and Kepinski, 2015) . Loss of TAC1 results in narrower angles in branch, tiller, leaf and flower angles, compared with wild-type (WT) controls, in both monocots and dicots (Yu et al., 2007; Ku et al., 2011; Dardick et al., 2013) . In contrast, loss of LAZY1 leads to wider branch angles of these lateral organs compared with controls Yoshihara and Iino, 2007; Dong et al., 2013; Yoshihara et al., 2013) . Although these IGT genes appear to function in a similar fashion, the genes show a very low level of sequence similarity, with only four or five conserved short protein motifs. This lack of sequence identity across the IGT family makes their identification in plant genomes challenging.
Here we used phylogenetic analysis to evaluate DRO1-related genes across the plant kingdom and found that they form a distinct clade of the IGT gene family. Using genetic and molecular tools, we evaluated the presence, expression and functionality of DRO1-related genes in dicots, demonstrating that DRO1-related genes in Arabidopsis and Prunus domestica (plum) influence RSA via changes in LR angle and primary root length, respectively.
RESULTS

DRO genes are members of the IGT family
We previously predicted that rice DRO1 and its Arabidopsis homolog (At1g72490), and DRO1 homologs from other angiosperms fall within the IGT gene family (Hollender and Dardick, 2015) . The IGT family shows relatively low levels of sequence conservation, but is marked by five short amino acid motifs as well as a conserved intron-exon structure (Figures S1 and S2; Yoshihara et al., 2013; Dardick et al., 2013) . Members of the IGT family can be found throughout moss, lycophyte and angiosperm species (Hollender and Dardick, 2015) . To further define the evolutionary relationships of IGT family members, we performed BLAST and conserved motif searches to identify DRO1-related proteins in Arabidopsis, maize, rice, Solanum lycopersicum (tomato), peach, brachypodium, selaginella, physcomitrella and sphagnum. Maxiumum-likelihood analyses revealed that DRO1 formed a distinct clade that was more closely related to LAZY1 than to TAC1 (Figure 1 ). In addition, the DRO1 clade contained two subclades: one consisting of monocot DRO1 proteins and another that contained unknown monocot and eudicot DRO1-like proteins. Arabidopsis, peach and tomato DRO1-like proteins were more closely related to the uncharacterized clade of monocot DRO1-like proteins than to rice DRO1. Consistent with previous reports, TAC1 proteins were not found in moss or lycophyte species (Dardick et al., 2013) . IGT proteins from these species formed outgroups from the LAZY and DRO clades, suggesting that these clades have split off from an ancient ancestor.
AtDRO1 and AtDRO2 are largely root-specific Phylogenetic analyses revealed that the Arabidopsis genome harbors three potential DRO1-like genes, dubbed here, AtDRO1 (At1g72490), AtDRO2 (At1g19115) and AtDRO3 (At1g17400). To assess whether these three genes potentially have root-specific functions, we assayed the mRNA expression via qRT-PCR of dissected shoots and roots in WT plants. AtDRO1 and AtDRO2 showed predominantly rootspecific expression (Figure 2a ). AtDRO3 expression could not be detected in either tissue. Given the root-specific phenotype of the rice DRO1 mutants, root-specific expression of AtDRO1 and AtDRO2 in Arabidopsis is consistent.
To more fully characterize the transcriptional specificity of AtDRO1, we generated plants with the 2-kb upstream promoter fragment fused to a GUS reporter gene (pAt-DRO1::GUS). In seedlings at 14 days past germination (14 dpg), pAtDRO1::GUS staining was strongest in primary and LR tips, as well as the root vasculature nearest the tips. Faint expression was visible in the shoot vasculature of the highest expressing lines (Figures 2b-g and S3) . In some lines, a gradient of expression was observed along the longitudinal axis of the youngest part of the primary root (Figure S3 ). In the oldest part of the root system, nearest the root-shoot junction, LRs exhibited a gradient of staining along their longitudinal axes (Figure 2c, d ). Within each Figure 1 . Maximum-likelihood tree of IGT proteins across plant phyla. The tree was constructed with the UMPGA algorithm using CLC GENOMICS WORKBENCH. The alignment used to construct the tree was built using a combination of MUSCLE and manual refinement. TAC, DRO and LAZY clades are indicated on the right. Species common names and sequence IDs are listed. Blue, dicots; magenta, monocots; orange, lycophytes; green, bryophytes. plant, staining was excluded from the root tips of a subset of these oldest LRs (Figure 2c ). In younger LRs, staining was restricted to the root tips (Figure 2e ). This tip-specific expression only became apparent when LRs reached~200-250 lm in length, as newly emerged LRs lacked staining alltogether (Figure 2f, g ). In roots with staining along the primary root axis, expression was restricted from the region surrounding a new, developing LR.
AtDRO1 influences lateral root orientation in Arabidopsis
To determine if AtDRO1 plays a role in root growth orientation, we evaluated the phenotypic effects of a putative AtDRO1 loss-of-function mutant. T-DNA insertional lines were obtained from ABRC ( Figure 3a ) and RT-PCR was performed to confirm loss of expression ( Figure 3b ). Seed from genotyped homozygous lines were then grown on large (245 9 245 9 25 mm), vertically oriented plates. LR branch angles and primary root lengths were measured in 14-dpg plants. atdro1 mutants exhibited wide LR growth angles with respect to the gravity vector ( Figure 3c ). Branch angles were significantly increased, by an average of 18°and 25°, respectively, and primary root length was 11 mm shorter on average compared with WT plants (Figure 3d , e). The wide LR angle phenotype led to wider root systems overall. To confirm that this phenotype was caused by the loss of DRO1 function, we evaluated additional mutant lines and performed a complementation test. First, we obtained a second T-DNA SAIL insertion line (Figure S4a) . Second, we generated a new dro1 mutant allele using the CRISPR/Cas9 system ( Figure S4b ). Both alleles also give rise to wider LR angles, with neither significantly differing from dro1 SALK mutants. Finally, we complemented dro1 SALK T-DNA lines by expressing a full-length version of AtDRO1 under the AtDRO1 promoter used in Figure 2 (pDRO1::DRO1; Figure S4c ). LRs of T 2 transformant lines grew at a downward angle compared with dro1 seedlings, and were not found to be significantly different from WT angles. Together, these lines of evidence confirm a role for DRO1 in determining LR angle in Arabidopsis.
Primary root response to gravity appears normal in atdro1 mutants
In rice, the primary root tips of plants containing the truncated version of OsDRO1 were reported to display a delayed response to gravity stimulation (Uga et al., 2013) . To assess whether atdro1 mutants display similar gravitropic defects, we performed gravity response assays. Mutants and WT control plants were grown on vertically oriented plates for 5 days, and then rotated 90°. As the root grew downwards towards the gravity vector, we imaged the progress of reorientation (Figure 4a ). Additionally, we measured the angle of the primary root tip with respect to the horizontal axis ( Figure 4a , grey dotted lines). The tip angle in dro1 mutants, which approached 90°as the roots 
AtDRO1 overexpression in Arabidopsis gives narrower LR branch angles
Next, we evaluated the effects of overexpression of AtDRO1 on LR angles and primary root length. We generated and tested expression levels in whole seedlings of transgenic T 2 overexpression (OE) lines transformed with 35S::AtDRO1, and selected representative homozygous OE lines from two of these ( Figure 5a ). AtDRO1 OE lines displayed a significant decrease in the average angle of lateral root branching, by 5°in OE line 3 and 9°in OE line 8 (Figure 5b, c) . Primary root lengths in OE line 3 did not significantly differ from primary root lengths in the WT; however, they were significantly shorter in OE line 8 (Figure 5d ).
AtDRO1 overexpression results in shoot architecture phenotypes
Shoots of AtDRO1 OE plants exhibited pronounced shoot phenotypes. Both the rosette and cauline leaves displayed a distinct upward curling at the leaf margins (Figure 6b ). In cauline leaves this often led to the leaf curling completely around the lateral shoot stem above it, suggesting altered cell division or expansion. Siliques of AtDRO1 OE plants were also typically shorter than in the WT, and the outlines of the seeds were more defined (Figure 6a, b) . In addition, shoot branch angles were narrower compared with the WT, by~12°or~10°in OE lines 3 and 8, respectively (Figure 6a, b, d ). We observed no shoot defects in the dro1 mutant shoots, consistent with the overall lack of DRO1 expression in WT shoots ( Figure S5 ).
The C-terminal EAR motif is required for DRO1 overexpression phenotypes Rozwadowski, 2011). To test whether the EAR-like motif is required for AtDRO1 function, we deleted the last five residues (IVLEI) from AtDRO1 and overexpressed this truncated version in a WT background. When grown on soil, the AtDRO1ΔEAR OE shoots showed none of the shoot phenotypes observed in AtDRO1 OE lines (Figure 6c ). Consistent with this, when grown on vertically oriented plates, we found no significant change in LR angle compared with the WT (Figure 7 ). This suggests that the EAR-like motif is required for AtDRO1 overexpression phenotypes.
PpeDRO1 overexpression in plum results in root growth and leaf curling phenotypes
Next, we evaluated whether a deep rooting phenotype could be conferred to Prunus species, which include numerous economically important fruit trees, including peach, almond, cherry, plum and apricot. As a result of its economic importance and the availability of a high-quality genome (Verde et al., 2013) , peach was used for DRO1 gene identification and expression studies. In contrast to Arabidopsis, the peach genome was found to contain only two DRO1-like genes. Ppa021925 (PpeDRO1) had the greatest similarity to AtDRO1, whereas Ppa023774 (PpeDRO2) appeared to be more divergent. Consistent with Arabidopsis, the expression of both PpeDRO1 and PpeDRO2 in 2-year-old peach plants was highest in roots, between sevenand 14-fold higher than in leaf, node and internode samples ( Figure 8a ). Shoot meristems also showed some expression, but about half as much as the root samples ( Figure 8a ). We next tested the potential functionality of PpeDRO1 by generating overexpression lines in plum. Peach transformation remains highly intractable; therefore, the closely DRO1 influences dicot root orientation 1099 related and readily transformed P. domestica (plum) can be efficiently used for in planta assays (Petri et al., 2012; Hollender et al., 2016) . PpeDRO1 was cloned behind a 35S promoter to create an OE construct, and transformed into plum. Shoots of transgenic lines regenerated under antibiotic selection in tissue culture displayed a similar upward leaf-curling phenotype to Arabidopsis AtDRO1 OE plants (Figure 8b ). Unlike Arabidopsis, the curling phenotype disappeared within 2-3 weeks after the plants were transplanted to soil. During the plum regeneration process, abnormal rooting phenotypes were also observed. The process of plum transformation involves generating plant shoots from callus, then transferring regenerated shoots first to shoot multiplication medium, followed by transfer to rooting medium, which stimulates root production (Figure 8c) . Shoot multiplication media contains the cytokinin 6-benzylaminopurine (BA) that normally inhibits root growth. Before the transfer to rooting medium, regenerated shoots do not typically form roots (Figure 8d ). Unlike control plants, regenerated transgenic plum shoots overexpressing PpeDRO1 frequently formed thin roots while growing on shoot multiplication medium (Figure 8d ). To test whether PpeDRO1 overexpression has an effect on rooting depth, we first confirmed expression levels in multiple lines of recovered seedlings ( Figure S6 ). Selected lines were grown in large pots containing tiers of wire mesh grids placed at fixed soil depths. The wire mesh grids were used to capture the number of roots growing to each depth. Regenerated plants were allowed to establish root systems in small soil-filled pots, and then transplanted to the larger mesh grid-containing pots. Once shoots reached a specific height (~8-12 cm), the plants were carefully removed from the pots and both the roots and shoots were measured. Individual seedlings reached this shoot height at different times; however, this was not a genotype-specific effect. We found that for the fixed shoot height window, the roots of PpeDRO1 OE plums were significantly longer than controls, by~20 cm on average (Figure 9a, d ). Both root and shoot weights of OE plums were greater than controls (Figure 9b ). In addition, PpeDRO1 OE lines had on average more roots growing through the lower mesh grids (Figure 9c ).
DISCUSSION
Here we identify multiple DRO1-related genes across plant phyla and place them within the IGT gene family. We demonstrate the conserved function of DRO1 as a regulator of LR angle in Arabidopsis and root depth in a Prunus species, and characterize AtDRO1 spatial expression using a GUS reporter; however, our data suggest that the role of DRO1 in the gravity response of the primary root tip may not be conserved from rice to Arabidopsis. In addition, we demonstrate that ectopic AtDRO1 expression gives architectural phenotypes in shoot organs as well as roots. We also provide evidence that the C-terminal EAR-like motif is necessary for ectopic expression shoot and root phenotypes. Our work in Prunus species indicates the potential applicability of DRO1 modification to alter root architecture in dicot crops, including trees. Together, this work provides insight into the conservation, function and mechanism of DRO1-related genes across plant species.
Phylogenetic analysis revealed the presence of multiple DRO1-related genes in both monocots and dicots. Although the closest Arabidopsis gene to OsDRO1 is At1g72490 (which we named AtDRO1 here), AtDRO1 was found to be more closely related to a separate clade of uncharacterized monocot DRO1-related genes, including three rice genes (Figure 1 ). Whether or not AtDRO1 is functionally orthologous to OsDRO1 or one of these uncharacterized rice DRO1-like family members will require further study. The dicot DRO1-related genes group together into a single clade; however, some DRO1-related family members could have arisen independently through duplication. For example, in addition to AtDRO1, Arabidopsis contained two other DRO1-related genes whereas peach contained only one. These genes, dubbed AtDRO2 and AtDRO3 in Arabidopsis and PpeDRO2 in peach, formed independent outgroups from AtDRO1 and PpeDRO1. The degree to which these additional DRO1-like genes are functionally redundant, or perhaps play as yet unknown roles in root development, will require the characterization of additional single and multiple mutant lines.
Functional analyses of Arabidopsis DRO1-like genes indicated similarities to rice DRO1. qRT-PCR studies and transgenic Arabidopsis containing a pAtDRO1::GUS fusion construct revealed largely root-specific expression patterns. In the primary roots, middle and oldest LRs, and leaves from the strongest lines, some staining was vascular-specific, suggesting the possibility of a vasculaturerelated role. The AtDRO1 promoter also showed clear developmental patterning in primary and lateral roots. The lack of staining in the youngest LRs suggests that AtDRO1 does not affect growth orientation until roots have growñ 200-250 lm. This appears to correlate with the stage at which the LRs cease strict horizontal growth and can begin to explore the soil and respond to gravity (Rosquete et al., 2013) . The loss of staining in the oldest LR tips suggests that they are released from AtDRO1 control after a certain period of growth. The strong root tip staining is consistent with a role in directing growth orientation; however, the normal gravitropic response in atdro1 primary roots suggests that, unlike rice, AtDRO1 may not be directly connected to gravity sensing in Arabidopsis primary roots, but may function transiently to orient LRs to gravity. Alternatively, these genes may be involved in modulating responses to smaller changes in gravity, and the 90°rota-tion assay used here is above the response threshold.
AtDRO3 shares most similarity with AtDRO1, suggesting that these two genes arose from a more recent duplication ( Figures 1 and S1) ; however, we were unable to detect AtDRO3 expression in roots. This could be linked to the loss of AtDRO3 function after duplication, which is hypothesized to be a common fate for sister genes (Lynch and Conery, 2000) . Alternatively, AtDRO3 expression may be expressed either at highly specific times or in specific tissues such that expression was missed in our studies.
Here we found that although many aspects of DRO1 function are conserved across plant species, there appear to be several differences. Changes in DRO1 activity had a strong effect on root orientation in both rice and Arabidopsis; however, RSA changed in different ways. For example, young primary root angles are strongly affected in rice. It is likely that both seminal and crown roots were also strongly affected, as the whole root system appeared to have decreased angles. In contrast, only LR angles appear to change with DRO1 gene expression in Arabidopsis. This may be because of the contribution of different types of roots to each root system. Seminal and crown roots contribute the majority of mass to the rice root system, whereas lateral roots are greater contributors in Arabidopsis and other dicots. This could signify the co-option of DRO1 function for different types of roots in monocots and dicots.
Whereas the loss of AtDRO1 led to dramatic changes in lateral root angles, overexpression had a relatively minor effect. This may be a result of physical constraints of the root cells. For example, cells on the lower side of the emerging LR may not be able to decrease in size enough to allow for a much more downward angle. In contrast, because LRs emerge and grow at a downward angle already in wild-type plants, there is more space to explore above the root than below. Despite the relatively minor decrease in LR angle in OE plants, these small changes could cumulatively lead to a large change in angle over the life of the plant, particularly in perennial species. Similarly, although dro1 mutants exhibit significantly shorter primary roots than the WT, overexpression lines are either no different than WT ( Figure 5, line 3) or shorter than controls, similar to mutants ( Figure 5, line 8) . The reasons for this minor, yet statistically significant discrepancy in root length observed in mutants and OE line 8 is unclear.
The leaf curling observed in plants ectopically expressing DRO1 suggests it may have a significant role in mediating changes in differential cell expansion or division. This may be because of decreases on the adaxial surface of the leaf, or increases on the abaxial side. Similarly, the silique phenotype appears as though the epidermal tissue is not expanded enough for the size of the seeds. A role for DRO1 in cell expansion/division could explain some of the root phenotype as well, if loss of function prevents asymmetric expansion/division that allows roots to turn and orient toward gravity. Ruiz Rosquete et al. demonstrated a connection between auxin levels and distribution and root growth angles (Rosquete et al., 2013) . The study suggested that limiting auxin fluxes in the root tip limited asymmetric growth and the ability to turn towards gravity. Whether AtDRO1 functions within this pathway or in parallel remains unknown.
The IGT protein LAZY1 promotes vertical shoot growth, based on the wide angles seen in the lazy1 null mutant. The decreased shoot branch angle in AtDRO1 OE plants suggests that AtDRO1 also promotes vertical shoot growth when expressed ectopically. In addition, this narrow branch angle phenotype requires a C-terminal motif that is similar to the EAR motif found in LAZY1 proteins. If DRO1 is able to adopt a LAZY1 role when ectopically expressed in the shoot, this supports a hypothesis that DRO1 and LAZY1 diverged to take on similar roles in the root and shoot, respectively. TAC1 was previously hypothesized to negatively regulate LAZY1 in the shoot (Dardick et al., 2013) , and a similar relationship may exist between TAC1 and DRO1 in the root. In support of this hypothesis, a study in peach found RSA differences in tac1 mutants (pillar) (Tworkoski and Scorza, 2001 ).
DRO1 appears to function in root architecture in both Arabidopsis and Prunus species; however, we observed different effects here. In Arabidopsis mutants, LR angles were wide and primary root lengths were decreased, but root lengths either did not change or even decreased slightly in overexpression lines, whereas in Prunus the root lengths were significantly longer in OE lines. The lack of increased root length in these Arabidopsis overexpression lines could be linked to species-specific differences in DRO1 function, or alternatively to differences in growth media, i.e. soil versus gel-based media. Whether DRO1 is involved in setting Prunus LR angles remains to be tested. The difficulty of imaging in soil and of plum root growth in gel-based media hindered the ability to perform equivalent measurements of LR structure. Conversely, the lack of increased root length in Arabidopsis OE lines could be linked to the use of artificial media. Analogous studies in soil will be necessary to confirm these apparent differences.
Experiments in plums suggest that DRO1 will be a useful tool in controlling rooting capacity and depth in crops. The development of perennial crops with the ability to grow roots to reach deeper groundwater, similar to phreatophytic plants, for example, could allow for greater survival in water-limited soils during seasonal droughts (Groom, 2004; Canham et al., 2012) . In addition, the ability of PpeDRO1 OE plums to root on shoot-multiplication media may prove useful in developing tools for the vegetative propagation of fruit trees that are recalcitrant to rooting from cuttings. Future experiments are needed to assess whether deeper rooting in PpeDRO1 OE plums confers drought avoidance. Drought avoidance strategies may be very advantageous for designing tree rootstocks that are productive in moisture-poor soils. Alternatively, the use of DRO1 for engineering shallower, wider root systems in some crop systems may be advantageous. The implications of using DRO1 to generate designer crops and rootstocks could have a great impact on agriculture as the population increases and the climate changes.
EXPERIMENTAL PROCEDURES Arabidopsis plant material and growth conditions
The Columbia (Col-0) ecotype was used as the WT line in all experiments. atdro1 mutant seed (SALK_201221C and SAIL_723_H11) was obtained from the Arabidopsis Biological Resource Center (ABRC, http://abrc.osu.edu). atdro1 SALK mutants were genotyped using 5 0 -GAACGGGAGAAAAACCTTCTG-3 0 (LP), 5 0 -TGAGTGCTACGTTGTGAGCTG-3 0 (RP), and LBa1 primers and SAIL mutants were genotyped using 5 0 -TTTGGTTTTATGGACC-CAACC-3 0 (LP), 5 0 -AAGAGCTTTCTTCCTCCGATG-3 0 (RP), and SAIL LB1 primers. For phenotyping, seeds were surface sterilized and sown on plates containing half-strength MS and 0.8% bactoagar. To observe root growth, seeds were sown on square plates and grown vertically. Both standard size (100 9 15 mm) and large (245 9 25 mm) growth plates were used. Once sown, seedlings were stratified at 4°C in the dark for 2 days, then placed in growth chambers at 20°C with a 16-h light/8-h dark photoperiod (~100 lmol m À2 sec
À1
). Plates were imaged weekly for 2-4 weeks using a Canon EOS Rebel T3 camera (http://global.canon/en/index. html), and LR branch and tip angles were manually calculated from these images using IMAGEJ (Schneider et al., 2012) . For gravity experiments, plates were rotated 90°on the fifth day after germination, then imaged every 10 minutes. Primary root tip angles were measured by taking the tangent of the root tip angle, with respect to the horizontal axis. For shoot branch angles, seedlings were grown for 2 weeks on plates, then transplanted into 10.2 cm pots containing Metromix 360 soil (Sun-Gro Horticulture, http:// www.sungro.com) and grown until bolting (~15-18 cm in height). Bolts were then photographed and pressed. Angles were manually calculated by measuring the tangent of each lateral branch point.
Arabidopsis transgenic lines
pAtDRO1::GUS lines were constructed by cloning a 2-kb fragment of the AtDRO1 promoter sequence, including the 5 0 untranslated region (5 0 -UTR), upstream of the GUS coding DNA sequence (CDS) in the pBI101 vectors, using SalI and SmaI restriction sites. AtDRO1 overexpression lines were made by amplifying the CDS of AtDRO1 (At1g72490) from Arabidopsis cDNA, and cloning downstream of the 35S promoter in a modified pBINPLUS/ARS vector (pBIN-AFRS) overexpression vector, using SalI and BamHI restriction sites (Belknap et al., 2008) .
Similarly, DEAR constructs were made by amplifying the AtDRO1 CDS, using a reverse primer that removed the final 15 amino acid coding base pairs (the EAR-like motif), from the C-terminal end of the protein. The resulting fragment was also cloned into the 35S pBIN-AFRS vector using SalI and BamHI restriction sites. pAtDRO1::AtDRO1 expression lines were constructed using the same 2-kb promoter fragment as in the GUS construct, cloning it upstream of the AtDRO1 CDS, replacing the 35S promoter in our overexpression vectors, using AscI and SalI restriction sites. For CRISPR constructs, the target sequence was identified using CRISPR-PLANT (http://www.genome.arizona.edu/crispr/), and cloned into the pHEE401E vector (Wang et al., 2015) using Gibson cloning (Gibson et al., 2009) . Constructs were transformed into Col-0 or atdro1 plants using the floral-dip method, and transformants were subsequently selected on half-strength MS plates containing kanamycin. To observe pDRO1::DRO1/dro1, 11 T 1 transformants were selected and two representative T 2 populations were used for root angle measurements.
Histological staining
Seedlings were grown on half-strength MS plates and collected at 14 dpg for analysis. Seedlings were immersed in cold 90% acetone for 20 min, washed in GUS reaction buffer without X-gluc and then immersed in GUS reaction buffer containing X-gluc. Samples were then vacuum-infiltrated for 20 min on ice, and subsequently placed at 37°C in the dark for 4 h. Seedlings were dehydrated through an ethanol series, and fixed in Formalin-acetic acid-alcohol (FAA). Light microscopy was performed using a Zeiss Axiozoom microscope (http://www.zeiss.com/corporate/int/home. html).
Phylogeny
Alignments and trees were constructed using the CLC genomics workbench (Qiagen, http://www.qiagen.com). Sequences were obtained from the most recent versions of sequenced genomes available on the PHYTOZOME web tool (http://phytozome.jgi.doe.gov/ pz/portal.html). Amino acid alignment was generated using MUSCLE and then manually refined (Edgar, 2004) . A maximum-likelihood tree was constructed using the UPGMA algorithm with 1000 bootstrap replicates.
Quantitative real-time PCR
Arabidopsis seedlings were grown on vertical plates for 14 days, and then hand-dissected to separate the shoot and the root. Three biological replicates were used. Each biological replicate consisted of a plate of 12 seedlings. Arabidopsis RNA was extracted using a Directzol RNA Extraction Kit (Zymo Research, http://www.zymore search.com).
Plum tissue containing the PpeDRO1 OE construct was collected from apical meristems of 2-month-old plants growing in soil. Peach roots were collected for use as a standard.
Peach tissue was collected and flash frozen, lyophilized for 1 week and ground; 20-30 mg of tissue was used in the RNeasy Plant Mini Kit (Qiagen), then treated with the Ambion Turbo DNAfree kit (Ambion, now ThermoFisher Scientific, http://www.ther mofisher.com).
qPCR was performed as previously described by Dardick et al. (2010) . Briefly, each reaction was run in triplicate using 50 ng of RNA in a 12-ll reaction volume, using the Superscript III Platinum SYBR Green qRT-PCR Kit (Invitrogen, now ThermoFisher Scientific, https://www.thermofisher.com). The reactions were performed using a 7900 DNA sequence detector Published 2016. This article is a U.S. Government work and is in the public domain in the USA The Plant Journal, (2017), 89, 1093-1105 (Applied Biosystems, now ThermoFisher Scientific, https:// www.thermofisher.com). Quantification for Arabidopsis samples was performed using a relative curve derived from a serially diluted wild-type control RNA run in parallel. Quantification for peach and plum samples was performed using the DC t method, normalized to actin.
Plum transgenic lines and controls
PpeDRO1 OE constructs were made by amplifying the CDS of PpeDRO1 (Ppa021925) from peach cDNA, and cloning downstream of the 35S promoter in pBIN-AFRS overexpression vector, using SalI and BamHI restriction sites. The OE construct was subsequently transformed into Agrobacterium tumefaciens. European plums (Prunus domestica L.) were transformed with the PpeDRO1 OE strain and a control (pSUC2::GUS) transgenic strain using a previously established protocol (Petri et al., 2012) . Briefly, cold-stored (4°C) seeds of the 'Stanley' plum variety were used for transformation. Seeds were surface-sterilized with 15% commercial bleach for 15 min and washed three times with sterile water. Hypocotyls were excised from the zygotic embryos under sterile conditions using a stereomicroscope, and then sliced into two or three segments. Slices were immersed in an Agrobacterium suspension for 20 min, then cultured for 3 days in co-cultivation medium. Hypocotyl slices were then plated on antibiotic selection medium (80 mg/l kanamycin) to regenerate transgenic shoots. Recovered shoots were multiplied in multiplication medium before being transferred to rooting medium. Finally, plants were transferred to soil and acclimatized in a growth chamber for several weeks before being moved to glasshouse conditions.
Plum root assays
Transformed plums were rooted in tissue culture, moved to soil (Metromix 360) in 7.6 cm pots and placed in a growth chamber for 2-3 weeks. Once root systems reached the bottom of these pots, seedlings were transplanted to 22.8 cm pots containing two tiers of wire mesh. Mesh grids were placed at soil depths of 5 and 12.7 cm below the surface. Seedlings were allowed to grow in the mesh-containing pots until shoot heights reached approximately 8-12 cm. Plants were then carefully removed from the soil, and the number of roots and diameter of each root system growing through each layer of wire mesh were recorded. Root and shoot lengths were recorded, and plants were subsequently dissected and dried in a drying oven overnight to measure root and shoot dry weight.
For tissue culture rooting assays, shoots were generated on multiplication medium over 3-4 weeks, then transplanted to jars containing either the same shoot multiplication medium or rooting medium, and allowed to grow for another 3-4 weeks.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . IGT family protein alignment showing conserved domains. Figure S2 . DRO1-related genes share a conserved exon structure indicative of the IGT family. Figure S3 . Representative full-root images of pAtDRO1::GUS seedlings. Figure S4 . Multiple alleles and a complementation test confirm the role of AtDRO1 in lateral root angle. Figure S5 . dro1 mutants exhibit shoot phenotypes similar to wild type. Figure S6 . Overexpression of PpeDRO1 in individual plum lines.
